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Abstract: Greece consists of 58 non-interconnected islands, located mainly in
the Aegean Sea. Electricity is supplied to this region by 32 autonomous power
systems (APS) using heavy fuel oil or diesel power generators. A number of
interconnections between the islands and the national grid system have been
scheduled for the upcoming years. In this paper, we analyse the economic and
environmental benefits following the interconnections. It was concluded that
Greece could save between 2015 and 2040, from 9.73 to 17.82 billion Euros,
subject to fuel price costs and demand growth. These amounts are charged to
the Greek power customers through a cross subsidisation policy known as
public service obligation. Additionally, avoided costs for APS upgrade, range
between 2.63 and 1.80 billion Euros. Interconnectors will also reduce the
carbon footprint in the area by 51.1%—65.5% compared to the scenario of
preserving APS. This is attributed mainly to renewable energy development
reaching proportions of 84.7%—119% of the total power demand by 2040.
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1 Introduction

1.1 Overview of the Greek non interconnected electrical system

The Greek electricity system consists of the national grid system (NGS) and the non-
interconnected system. The non-interconnected system comprises 58 islands, having a
total population of 1,115,284 (Hellenic Statistical Authority, 2011). These islands are
grouped in three regions: South Aegean including Cyclades and Dodecanese islands,
North Aegean and Crete (Figure 1). Additionally, Skyros Island is included, which
belongs to the Sporades complex and a number of other smaller islands.

Crete and Rhodes are the two largest and most populated non-interconnected islands
(NII) occupying 66% of the total population. Together they generate more than 60% of
the total energy in the non-interconnected part (Hellenic Electricity Distribution Network
Operator, 2014). The main source of income for this region is tourism, followed by
fishing, sailing and agriculture (Tsakiris, 2010).

Figure 1 Map of the non-interconnected Greek islands (see online version for colours)
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Potential economic and environmental benefits 3

The Greek NII system is electrified by 32 autonomous power stations (APS), belonging
to the Greek Public Power Corporation (PPC) (Regulatory Authority for Energy, 2013).
Several islands are already interconnected with neighbour islands allowing power supply
from the same units and enabling power distribution among them. Benefits are identified
only at an island level due to limitations in the power grid which requires upgrades in the
upcoming years.

All Greek NII are considered as isolated micro-systems, except Crete and Rhodes,
which are excluded from the Art. 26, Directive 2003/54/EC (European Union, 2003;
Panteri and Sardi, 2010) due to their relatively high level of electricity consumption.
Micro-systems were not imposed to promote energy liberalisation and the main power
producer and supplier has remained PPC. The final Non-Interconnected Islands Code
published in February of 2014 under the Law 4001/2011 provisions, aims to improve the
current energy system in the NII and supports liberalisation by annulling the current
monopoly of PPC. Also it intends to reduce high costs of APS, guarantee the secure and
smooth operation of the system, and increase renewable energy share in the local energy
market (Hellenic Republic, 2014a).

The Hellenic Electricity Distribution Network Operator (HEDNO) or DEDDHE
according to the Greek abbreviation is the Island System Operator (ISO), being
responsible for the operation, maintenance and upgrade of local grids. HEDNO is a
subsidiary of PPC which was formerly the ISO being in charge of all the installed power
plants on the islands, with the exception of renewable energy sources (RES) installations
(Iliadou, 2009). Since 2011, following the unbundling imposed by Law 4001/2011,
HEDNO became an independent body in charge of the operation of the distribution
network in Greece under the 2009/72/EC Directive.

The primary electricity source in the non-interconnected islands is heavy fuel oil
(HFO) or diesel. The total capacity of oil-fired power generators is 1,753.24 MW, while
renewable energy capacity reached 452.15 MW in 2014 (Hellenic Electricity Distribution
Network Operator, 2014). In total, power generation in islands shares 11.23% of the total
Greek electricity generation (Hellenic Electricity Distribution Network Operator, 2013a;
Ministry of Reconstruction of Production Environment and Energy, (2015)). Diesel and
heavy fuel oil power generators cause air pollution in the area with carbon dioxide
emissions (CO,) exceeding 21 million tonnes in the last five years. In the context of
eliminating green house gas emissions by 2020 and 2030 under the EU energy
framework for climate change (European Commission, 2009, 2014); Greece is imposed
to improve its energy fuel mix and replace highly polluted resources as oil.

1.2 Public service obligation policy

Apart from the environmental impact, oil fuel prices and related taxes have been
exceptionally increasing, reaching(177.34 MWh' on average in 2013 (Hellenic Republic,
2014c). The total mean cost including also stable costs was estimated to be
230.83 €/MWh for the same year, based on data recorded by HEDNO and the Regulatory
Authority for Energy in Greece (RAE) (Table 4). In contrast, the generalised average
electricity price (PGAE) in the mainland was much lower: 70.5 €/ MWh.

Extra costs are being isomerised between consumers in the mainland and in the NII,
through their monthly electricity bills, as a result of the public service obligation (PSO).
PSO is a subsidisation policy, which has been established initially by Law 2773/1999 and
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amended with the current Law 4001/2011 (particularly articles 55 and 56 which include
the provisions of this policy) (Hellenic Republic, 2011a). The Law 4067/2012 (Hellenic
Republic, 2012) estimated the charges of the PSO for 2009-2012. Based on these
legislation frameworks, as well as several ministerial decisions (Hellenic Republic, 2007,
2010, 2011b) RAE published the decision 14/2014 which introduced the calculation
method for estimating precisely the PSO from the NII (Regulatory Authority for Energy,
2014).

PSO = Z [(CostNH,, —PGAE ) *GNII, + PRESNII, * GRES,, — CharNII, J 1

where

PSO public service obligation

n autonomous power systems

CostNII  thermal power generation cost in each APS
PGAE  generalised average electricity price

GNIT thermal power generation in every APS
PRESNII average variable cost for NIl - PGAE

GRES power generation from RES in each APS
CharNII charges that electricity consumers in NII pay.

The total public service obligation which is the complete additional cost for conventional
and renewable generation in the islands was calculated from RAE to be approximately
771.2 million Euros for 2013 as presented in Table 1 (Hellenic Republic, 2014d). The
extra cost between the non-interconnected part and the interconnected is included in the
consumers’ electricity bills for all residents in Greece. For the residential and commercial
sectors, costs vary from 6.99 €/MWh to 44.88 €/ MWh depending on the power
consumption of each premise. For other users: industrial and agricultural sectors the
amount varies from 4.14 € MWh to 18.24 €/ MWh, according to the latest data published
by the Regulatory Authority for Energy for 2012. These figures show a 35 times increase
compared to 2011, particularly for the low level power consumption category.

The above policy may have an adverse impact to the Greek environment and
economy. Since the Government provides subsidies to the islands consumers; there is no
motivation from their side to move towards energy efficiency and sustainable energy
development solutions.

Several solutions have been proposed in order to eliminate the operation of the
autonomous power systems in the NII, which beyond the pure economic effect, they
cause aesthetic disturbances and environmental impact as they are usually located close
to residential neighbourhoods. The two main plans for eliminating local thermal power
generation consist in: integration of energy storage technologies e.g. batteries in
combination with clean energy technologies or installation of submarine interconnections
between islands and the national power system. Both proposals aim to boost renewable
energy generation by eliminating technical constraints in autonomous power grids.
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Table 1 Power generation data, power costs and the public service obligation for 2013
Power Thermal Renewable Cost of Public service
APS generation  JOV oneration genraron 0Pligation
(MWh) %) %) (€/MWh) (Mil€)

Crete 2,795,888.0 82.83% 17.17% 223.6 388.559
Rhodes 859,705.2 83.51% 16.49% 243.41 121.56
Lesvos 236,623.6 81.28% 18.72% 196.99 33.976
Kos-Kalymnos 398,314.3 88.72% 11.28% 171.93 34.345
Lemnos 47,882.5 88.02% 11.98% 242.85 9.478
Skyros 11,725.6 86.96% 13.04% 400.8 4.702
Paros 201,196.8 84.91% 15.09% 190.34 21.701
Chios 155,725.6 86.25% 13.75% 178.25 20.453
Siros 79,430.1 94.64% 5.36% 226.58 13.967
Samos 121,739.3 77.16% 22.84% 222.43 18.657
Karpathos 40,371.6 88.72% 11.28% 294.4 7.464
Mykonos 152,380.7 97.53% 2.47% 345.75 29.625
Agios Eustratios 856.6 100.00% 0% 420.82 0.37
Thira 163,346.7 99.72% 0.28% 268.95 23.165
Ikaria 23,5223 89.85% 10.15% 364.99 7.396
Agathonisi 456.1 100.00% 0% 704.86 0.403
Anafi 1,248.7 100.00% 0% 500.43 0.499
Donousa 3,182.0 100.00% 0% 754.79 0.468
Ereikousa 534.6 100.00% 0% 801.42 0.543
Megisti 7,214.8 100.00% 0% 527.16 1.356
Othoni 7,089.5 100.00% 0% 656.59 0.367
Kythnos 16,557.1 94.09% 5.91% 405.36 2.541
Serifos 11,725.6 97.57% 2.43% 419.62 2.582
Sifnos 16,557.1 94.09% 5.91% 378.95 4.943
Patmos 16,128.7 88.00% 12.00% 367.71 4.586
Astipalaia 6,118.7 90.93% 9.07% 411.74 2.105
Milos 23,5223 89.85% 10.15% 64.99 7.998
Arkioi 328.8 100.00% 0% 948 0.273
Gavdos 444.4 100.00% 0% 539.21 0.219
Antikythera 238.0 100.00% 0% 1265.39 0.286
Amorgos 9,238.0 94.84% 5.16% 374.21 2.624
Symi 14,116.2 98.04% 1.96% 349.63 3.979
Total 5,423,409.5

Source:

Hellenic Republic (2014d)
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2 Future plans for interconnection in the Greek Islands

This section provides an overview of future interconnections in the NII. Academic
and governmental publications have discussed the direct interconnection of 2+
noen-intereonneeted-istands, The future interconnections that have been investigated are:

1 interconnection of the Cycladic islands (partially) with the national grid system
2 expansion of Cyclades interconnection

3 interconnection of Crete with the NGS
4

interconnection of North Aegean (Chios, Lesvos, Tkaria, Samos, Lemnos) with the
NGS

W

interconnection of Dodecanese islands (among them)
6 interconnection of the NGS, Crete and Dodecanese islands

7  Skyros island interconnection with the NGS.

2.1 Interconnection of the Cycladic Islands and the Greek national grid system
(Independent Power Transmission Operator, 2013)

The only scheduled interconnection project in the Greek islands is the connection part of
the Cyclades region. In September 2014, the Minister of Environment, Energy and
Climate Change (former designation reference) approved the national public financial
support for this project (Independent Power Transmission Operator, 2014a). The first
stage of this project started in early 2015 and it is estimated to complete by 2017 without
taking into account possible delays. The Cyclades interconnection is split in three
different stages as presented in the Independent Power Transmission Operator (2014b).

e  Stage I includes the following connections with the use of submarine alternating
current (AC) 150 kV cables:

1 Syros connection to Lavrio’s High Voltage (HV) substation in the Greek
mainland (108 km length)

2 Syros with Tinos island which was previously connected with the mainland via
Evia island (33 km length)
3 Syros with Paros island (46 km length)
4 Syros with Mykonos island (35km length).
e Stage 2 of this project includes extension of the previous interconnection using also
AC 150 kV cables.
1 Paros and Naxos islands will be interconnected (7.6 km)
2 Naxos will be connected with Mykonos (40 km).

e Stage 3 includes the reinforcement of the cable connecting Lavrio and Syros with the
submersion of a second AC cable between the substations of these two locations.
The projected Cyclades interconnection is depicted in Figure 2 which shows the
development of a bronchus among the four islands as well as the connection between
Syros and NGS via two different routes.
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2.2 Expansion of Cyclades interconnection (National Technical University of
Athens, 2008)

Following the immersion of the second cable between Syros and Lavrio, there are plans
to expand this interconnection from Paros-Naxos to Ios and Thira (Santorini) islands with
AC submarine cables of nominal capacity140 MVA?. The second phase of this expansion
proposes the interconnection of Ikaria and Samos islands with AC submarine cables to
Mykonos. In this study, we consider the interconnection of these islands through the
North Aegean interconnection plan (Section 2.4).

The second project for Cycladic islands includes also the interconnection of Evia and
Andros islands with the Greek mainland. These two islands are already interconnected
with the national grid system. The new planned interconnection with a transmission
capacity equal to 2*350 MW will allow higher renewable energy integration into these
islands, as both islands are characterised by extremely high wind potential (Regulatory
Authority for Energy et al., 2008).

2.3 Interconnection of Crete with the mainland (Regulatory Authority for
Energyetal, 2011)

Initial studies for the interconnection of Crete with the mainland were completed in 2011.
The expansion of this project is included in the ten year plan for development of the
transmission system for 2014 to 2023. Nevertheless, as this project depends principally
on private funds, aiming to exploit the renewable energy potential of Crete, it is doubtful
whether it will be implemented in the near future, given the current volatile economic
circumstances in Greece. Further research is required in terms of technical analysis for
selecting the optimum interconnection route, considering cost and power grid stability
and environmental impact. In that sense, three scenarios and four options (Scenario B
includes two interconnection options) have been proposed, incorporating different
interconnection plans.

Scenario A: Crete will be interconnected with Peloponnese (South Greece), with
Direct Current (DC) cables, as the route length exceeds 80 km, the practically maximum
limit for AC cables. The interconnection will consist of partially submarine cables
(Korakia town in Crete to Peloponnese) and partially aerial constructions, (Monemvasia
Town to Megalopoli Town), with a total capacity of 2*350MW and 370 km length.

Scenario B suggests two options: B1: Crete will be connected with a substation west
to Athens with DC cables, partially submarine including also aerial and underground
parts depending on the location. The cable will have a total transmission capacity of
2*500MW and 380 km length. This option has as a starting point the substation in
Korakia town. Option B2: the interconnection of Crete with Attica and Peloponnese with
two DC cables with total nominal capacity of 2*500 MW. The first connection starts
from Korakia to Attica and will consist of submarine cables with a total length 380 km.
The second cable will start from a connection point in the area of Chania in North-West
Crete and will end in Monemvasia in Peloponnese with a total length of 250 km.

Scenario C: The only difference between Scenario C and Scenario B2 is the
size of the DC unipolar connector, which will have a larger transmission capacity of
2*1,000 MW.
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2.4 Interconnection of North Aegean with the national grid system (National
Technical University of Athens, 2008)

Stage 1 Includes the interconnection between Lesvos and Chios islands and the main
power system. The predominant scenario according to the National Technical
University of Athens consists of a: double circuit with DC 2*350 MW cables
from Aliveri town in Evia Island, (which is already interconnected) to Chios
Island. The length of the submarine cable will be 160 km including 20 km
underground cable. Chios and Lesvos will be interconnected with double circuit
DC 2*250 MW cables of total length 90 km.

Stage 2 Proposes the expansion of the interconnection from Chios island to Ikaria and
Samos islands. The interconnection length between Chios and Ikaria islands is
110 km, using DC cables 2*150 MW. This scenario inhibits the expansion of
over-ground grid installations on the island that cause aesthetic disturbances in
the landscape. Ikaria with Samos islands will be interconnected with AC cables
2*140 MVA having a total length of 80 km.

substation in Agios Eustratios island. proposal splits the 120 km AC cable
of nominal capacity 2*140 MVA, from Lesvos to Lemnos in: 80 km between
Lemnos and Lesvos and 40 km between Agios Eustratios and Lemnos.

Stage 3 Plans the interconnection of Lemnos iiland from Lesvos threugh an intermediate

2.5 Interconnection of Dodecanese islands (National Technical University of
Athens, 2008)

This project includes the interconnection of Rhodes, the largest island in Dodecanese
region with Kos and Kalymnos islands via two smaller northern islands: Tilos and
Nisyros. The interconnection will be designed as follow: Rhodes to Tilos 50 km length,
Tilos to Nisyros 25 km length and Nisyros to Kos 25 km length with AC cables. Upon
interconnection’s completion, the APS of Kos-Kalymnos will shut down and Rhodes,
Kos and Kalymnos will receive electricity from the Rhodes’ power station. If the
geothermal power station in Nisyros island is completed and functional, part of the
islands’ power requirements will be covered by geothermal energy from Nisyros as well
as conventional power from the APS in Rhodes, pending their interconnection with the
main system.

2.6 Interconnection of national grid system — Crete and Dodecanese Islands
(National Technical University of Athens, 2008)

This includes the interconnection of Dodecanese islands with Crete subsequent to the
interconnection of Crete with the NGS. The interconnection will be completed with two
circuits, AC cables with transmission capacity equal to 2*280 MVA. Enhancement of a
third cable will be necessary at a later stage. The interconnection route will include the
following destinations: Crete, Kasos, Karpathos and Rhodes. Crete will be connected to
Kasos (70 km length), Kasos to Karpathos (75 km length), Karpathos to Rhodes (85 km
length). The interconnection will include also a medium voltage over-ground grid
between two substations in Crete (Vai, Atherinolakos) of total length 30km.
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2.7 Interconnection of Skyros with the mainland (Papadopoulos et al., 2006,
Hellenic Electricity Distribution Network Operator, 2010)

Skyros and Evia Island will be interconnected with DC (2+1)*250 MW cables through a
154 km length connection, including submarine and underground cables, in order to
transfer energy from large scale licensed wind projects, ready to be implemented in the
area of Skyros

Figure 2 presents the future planned interconnections among the Greek islands and
the national power system.

Figure 2 The interconnection plan of the NII in the Aegean Sea (see online version for colours)
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2.8 Interconnections’ costs

Table 2 presents costs stemming from the interconnection scenarios discussed in the
previous section. The values are taken from the following sources: National Technical
University of Athens (2008); Regulatory Authority for Energy et al. (2011) and
Independent Power Transmission Operator (2013) and adjusted to 2013 taking into
account the inflation indicators statistics (Bank of Greece, 2015). The most expensive
part of such installations is the submarine cable; in most interconnections this accounts
for 80-85% of the total budget estimation. For Crete three scenarios are presented. We
assumed that Scenario Bl is the optimal case as it is reasonable costly and it provides a
minimum of energy security. The alternative interconnection between Crete and
Monemvasia can possibly delay the project due to difficulties in expanding HV and MV
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over-ground network in Peloponnese.

The most expensive region to become

interconnected is North Aegean due to high substations’ costs and other equipment in
Chios and Lesvos islands. The total cost is estimated to be approximately 3.44 billion

Euros.
Table 2 Total cost for the interconnection of the Greek islands
Cost of Costof  Cost of substations
Region to be interconnected submarine  over-ground and other To(]t‘z/zli l(g))st
cable (Mil€) cable (Mil€) equipment (Mil€)
Cycladic islands 348 53 401
Stage A 203 48 251
Stage B 35 5 40
Stage C 110 110
Expansion of Cyclades 226 1.85 28.4 256.2
interconnection (IOS and Thira)
Crete 0
Scenario A 310.8 30 207.2 548
Scenario B 566.8 0 248.7 815.5
Scenario C 1,031.5 47.6 373 1,452.1
North Aegean 692.2 75.3 347.6 1,115.1
Chios and Lesvos 273.2 75.3 313.1 661.6
Chios and Ikaria. Tkaria and Samos 2242 18.5 242.7
Lesvos and Lemnos 194.8 16 210.8
Dodecanese islands 225.9 18.5 244.4
(among them)
Rhodes and Tilos 92.7 10.3 103
Tilos and Nisyros 46.3 11.6 57.9
Nisyros and Kos 46.3 11.6 57.9
Crete and Dodecanese islands 370.2 12.5 67.8 450.5
Crete and Kasos 129 12.5 17.8 159.3
Kasos and Karpathos 83.5 18.3 101.8
Karpathos and Rhodes 157.7 31.7 189.4
Skyros island 103.2 13.5 46.4 163.1

Total cost for the interconnection
of all the islands

3,44591 Mil €

3 Methodology

3.1 Energy scenarios

Four scenarios from 2015 to 2040 were developed to assess future electricity trends and
costs in the Aegean Sea. The scenarios are based on different energy and economic
factors in order to explore the future power system in the candidate interconnected
istands; Crete, Rhodes, Kos-Kalymnos, Karpathos, Lesvos, Chios, Samos, Lemnos,
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Agios Eustratios, Paros, Syros, Mykonos, Thira, Skyros and lkaria. These scenarios
provide different options for estimating future power generation, maintenance and other
stable costs of oil-fired units located on the isolated power system for two cases:

a  business as usual (BAU) assuming continuation of APS operation
b interconnection of islands.

The interconnection schedule depicted in Figure 4 is based on the strategy presented in
Section 2.

e Scenario A (Figure 3): Scenario A assumes relatively high growth in energy demand
by 2040, as a consequence of economic recovery and increase in tourism levels.
Scenario A is split in two sub-scenarios Al and A2. Case 1 assumes rapid increase in
oil-fuel prices following 2020. Case 2 is based on modest assumptions for lower
increase in fuel prices as discussed below.

e Scenario B (Figure 3): Scenario B assumes lower growth in energy demand in the
Aegean Sea, as a result of the past trends with the exception of Paros and Mykonos
islands which are assumed to follow a different pathway and continue their past
increasing trends. Scenario B is also divided in B1 and B2 based on the same fuel
price assumptions.

Figure 3  Scenarios A (1 and 2) and B (1 and 2) (see online version for colours)
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Figure 4 Islands’ interconnection schedule (see online version for colours)
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3.2 Main assumptions

3.2.1 Growth factors

In order to calculate costs until 2040 we estimated the annual average power generation
prices from 2015 to 2040. The projected power generation costs, in the interconnected
part of Greece is assumed to grow by 2% every year, above the annual average inflation
(National Technical University of Athens, 2008). Currently, the Greek inflation indicator
experiences negative trends due to the extensive impacts of the financial crisis in Greece
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(Bank of Greece, 2015). On average 0.5% increase rate was assumed, as a result of a few
years of negative inflation and afterwards gradual progress in the economy.

Part of public service obligation costs is charged to carbon emissions from power
stations located on the islands, as Greece is imposed to pay fees to the European
Emissions Trading System (EU ETS) in case of excess of emissions levels, through
directives 2003/87/EC and 2009/29/EC. The Greek PPC is the competent authority,
participating in the EU ETS. In 2013, the PPC had to pay 14.74 million Euros for the
additional emissions permits from thermal power plants in NII (Hellenic Republic,
2014c). Since the beginning of 2013, emissions acquired a subtitled cost of 25.30
€/tnCO,. Due to the European economic recession as well as different environmental
regulations among a number of EU members, this amount has been significantly reduced
over the last two years (Argyriou, 2013), configuring a price of 6€/tnCO, for the non-
interconnected Greek area (Hellenic Republic, 2014b). However, increase trends have
been assumed in the following years, with an annual rate of 5% (National Technical
University of Athens, 2006).

Table 3 Growth factor assumptions for costs’ estimation
Assumptions Growth factor (Y%o/annum)
Inflation 0.5%
Generalised average electricity price 2%+ 0.5%
Fuel taxes and extra variable costs 0.5%
CO, emissions 5%

3.2.2 Fuel costs

Currently in 2015, oil prices experience historically low levels with values equal to 372.4
€/tonne (52.4 $/bbl) reduced by 50% compared to 2013 values of 767.5 €/tonne (108
$/bbl) (US Energy Information Administration, 2016). The fuel prices up to 2040 were
determined based on the assumptions made in the World Energy Outlook (2015) by the
International Energy Agency (IEA), including two scenarios, illustrated in Figure 5. The
Current Policies scenario assumes relatively high growth in oil prices based on the
assumption of maintaining policies enacted as in mid-2015 and preserving the current oil
demand levels worldwide. Low growth is reflected in the 450 scenario which depicts a
pathway to the 2 °C climate goal driving the market equilibrium to lower costs.

Figure 5 Oil prices according to the high growth and low growth scenarios (Euros/tonne)®
(see online version for colours)
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Technical characteristics of autonomous power stations

Table 4
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3.2.3 Technical characteristics and costs

Fuel consumption factor is diversified among each autonomous power system depending
on power engine type, age and other attributes. Most power stations consume both diesel
and heavy fuel oil, whereas Karpathos, Skyros and Agios Eustratios use exclusively
diesel fuel. The two main types of engines are: internal combustion engines (ICE)
available in various sizes and gas turbines with lower capital costs and speedily peak
demand supply availability. Stream turbines and combined cycle engines operate only in
Crete and Rhodes as they are utilised to serve mainly base loads. Table 4 presents the
capacity of each APS as well as fuel consumption and decommission dates for units.

Table 4 provides a guideline for power stations upgrade according to the retirement
schedule. Costs for new units are considered based on 2013 values and are presented in
Table 5. Costs for the introduction of new units between 2015 and 2040 are indexed
according to the inflation rate in order to reflect future costs.

Table 5 Costs for new power engines (Independent Power Transmission Operator, 2013)
Type Cost
ICE 1.45 €AW,
Gas turbine 0.49 €AW,

3.2.4 Energy demand

Energy demand was assumed to follow Scenario A and Scenario B trends. Scenario A
(Figure 6) suggests overall high electricity growth based on projection factors included in
the Final Report-Strategic Plan for the Interconnection of Non-Interconnected Islands to
Regulatory Authority for Energy (2008) for Crete, Dodecanese and North Aegean Islands
and in the Initial Ten Year Development Plan for the Transmission System (2014-2023)
(Independent Power Transmission Operator, 2013), for the Cyclades interconnection.
Scenario B presented in Figure 7 follows a statistical analysis approach based on the last
15 year data and assumes continuation of recession until 2020 which impacts electricity
consumption. From 2020 to 2030 energy growth reverts to 2000-2008 levels; by 2040
energy use will double assuming economic prosperity.

Figure 6 Thermal power demand in NII from 2015 to 2040-scenario A (see online version
for colours)
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Figure 7 Thermal power demand in NII from 2015 to 2040-scenario B (see online version
for colours)
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Scenario A is a high growth scenario without considering the economic crisis beyond
2015. Crete will experience the largest growth in energy demand in case A. This could be
anticipated, since Crete has the highest level of population, tourism and tendency for
energy growth in the non-interconnected part. Scenario B also assumes high levels for
Crete, however in this case Mykonos and Kos will record the highest growth assuming
continuation of past growth trends.

3.2.5 Renewable energy growth

Future renewable energy share was investigated in order to calculate sustainable power
generation in the area. Renewable energy experienced rapid development (mainly solar)
between 2009 and 2014 in both islands and mainland, with 16.8% increase for wind
energy while solar energy went through an unprecedented increase, growing 173 times
(Hellenic Electricity Distribution Network Operator, 2013b) due to the feed-in tariff
(FIT) mechanism which was established through 3468/2006 and 3851/2010 laws. Since
2013 the national subsidies and FIT have significantly decreased (Hellenic Republic,
2013; Hellenic Republic — Ministry of Environment Energy and Climate Change, 2013).
As a consequence, an annual average growth in RES investments in islands equal to 1%
per year (from 2013 levels) was considered, with a maximum restriction to 25%. This can
be considered realistic, given the fact that technical limitations continue to exist in small
scale power systems as those operating on the islands and wind energy penetration is not
permitted to exceed the limit of 30% of the hourly load demand to ensure the stability of
the power grid from power cuts and abrupt frequency alterations (Hatziargyriou et al.,
2012; Maroulis, 2013).

3.3 Cost calculation

Future costs have been estimated between 2015 and 2040 configuring the public
service obligation policy in NII for Scenarios Al, 2 and Scenarios B1, 2 according to
equation (1). In the calculation methodology costs were split in variable and stable costs.
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The year of 2013 was considered as the base year since it is the most recent year with
available data.

Variable costs are expressed in MWh, including fuel costs diversified in each island
according to power stations fuel consumption and additional variable costs. Fuel tax and
CO, emissions costs are considered common for all the islands included in the analysis.

Variable costs, = Fuel costs, + Fuel tax + Additional variable costs,
+CO; cost

@

Fuel costs = Consumption of power station* Oil costs 3)

Stable costs include remunerations, equipment and consumable materials, capital costs
and others. They were initially expressed in MW of capacity and in the secondary process
are expressed in MWh, in order to form total costs.

Stable costs, = Stable costs, * Installed capacity, + New units costs, @]

Taking into consideration the diversification between stable and variable costs, PSO was
calculated from 2015 to 2040 as presented below:

PSO = Variable costs, + Stable costs, ) — PGAE |* GNII,
21 [ )~ PGAE]

z Variable costs
+ n

n

— PGAE 0]

*GRES, — Factor for interconnected system use* GNII,

4  Results

4.1 Variable costs

Variable costs were projected according to equations (2) and (3), up to 2040 as illustrated
in Figure 8 and Figure 9. Base values for 2013, for fuel tax, extra variable costs and CO,
emissions costs, are presented below in Table 6, assuming growth indicators as those
included in Table 3.

Table 6 Additional variable costs for 2013

Extra variable CO, emissions trading
Tax (€/MWh) costs (€/MWh) system costs (€/MWh) Fuel cost
Crete 29.40 1.6 3.37 109 $/bbl
Rhodes 0.41 781.7 €/tn

Others 3.325
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Figure 8 Variable cost projection from 2015 to 2040-scenario A (see online version for colours)
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Figure 9 Variable cost projection from 2015 to 2040-scenario B (see online version for colours)
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4.2  Stable costs

Stable costs consist of two parts, existing capacity costs and capital and interest costs for
acquiring new power units [equation (4)]. Stable costs for 2012 and 2013 for each island
were used for projecting future costs considering the capacity of each autonomous system
as presented in Table 7. Future projections for stable costs per MW follow prices increase
trends.
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Table 7 Stable costs for 2012 and 2013 in NII

APS 2012 k&/MW 2013 k&/MW
Crete 148.5 107.8
Rhodes 215.5 219.8
Kos-Kalymnos 107.2 102.8
Karpathos 198.0 228.2
Lesvos 120.3 100.9
Chios 87.9 43.4
Lemnos 188.4 134.9
Agios Eustratios 333.3 236.5
Skyros 528.0 322.9
Paros 83.8 91.3
Mykonos 371.0 337.4
Syros 150.4 104.9
Samos 163.1 127.2
Ikaria 335.2 274.5
Thira 27.9 176.7

Source: Hellenic Republic (2014c, 2014d); Hellenic Electricity Distribution
Network Operator (2014)

Capital cost for acquiring new engines is not included in the annual stable cost per MWh
projection in order to avoid high fluctuations among years, also power stations upgrade
costs are not mandatorily added to PSO costs. Table 8 includes requirements for new
capacity and costs, which are equal to 2.63 billion Euros and 1.80 billion Euros for
Scenarios A and B respectively. As a consequence of peak demand diversification, North
Aegean islands and Skyros present the highest discrepancy between the two scenarios.

The requirement for new power stations assuming a mix of ICE and gas turbines was
projected in Figure 10 and Figure 11. The upgrade plan was conducted following the
retirement schedule (Table 4) and peak demand projections as estimated in Scenarios A
and B.

Figure 10 Stable costs per MWh from 2015 to 2040 — scenario A (see online version for colours)
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Figure 11 Stable costs per MWh from 2015 to 2040 — scenario B (see online version for colours)

500

450 +

400
350

300

250

€/mw

200
150 +
100

50

0

2015

2016

Crete

= Rhodes

e K05 Kalymnos

——— Karpathos ——Lesvos ——— Chios
e Leminoss e g5 Eustratios Skyros
e Paros e My ONOS Syros
Samos Ikaria Thira
Table 8 Total costs for power stations upgrade
Scenario A
2020 2030 2040
Total costs
e 'F e e ™€
Crete 300 0 150 650 250 130 1,245.6
Rhodes 0 0 110 1165 20 0 2453
Kos-Kalymnos 20 0 100 50 25 20 222.5
Karpathos 0 0 16.5 14 45.8
Lesvos 0 0 25 40 40 50 142.9
Chios 0 18 34 25 31 30 152.3
Lemnos 4 0 16 14 10 0 50.2
AgiosEustratios 0 0 0 0.3 1.9
Skyros 0 0 4 12 0 243
Paros 10 20 10 30 30 20 120.4
Mykonos 0 0 20 15 15 10 79.4
Syros 0 0 20 10 20 55.5
Samos 0 0 35 34 29 112.9
Ikaria 0 0 19 11.5 0 45.5
los-Thira 0 0 20 40 30 88.2
Total 334.0 38.0 580.5  2,033.0 547.5 290.3 2,632.7
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Table 8 Total costs for power stations upgrade (continued)

Scenario B
2020 2030 2040
Total costs

ICE tu(r;lfl;e ICE tuflfi;e ICE tuflfiite mit€
Crete 200 280 130 100 180 830.7
Rhodes 0 0 105 50 70 0 174
Kos-Kalymnos 30 50 50 25 20 192.5
Karpathos 5 20 45 35 27.3
Lesvos 20 15 35 35 69.6
Chios 15 15 13 20 82.8
Lemnos 10 14 6 35.2
AgiosEustratios 1 0.2 1.7
Skyros 2 6 12.3
Paros 10 5 30 40 20 100.5
Mykonos 15 20 15 20 84.8
Syros 8 3 25 46.9
Samos 18 10 16 48.3
Ikaria 12 9 31.3
los-Thira 10 40 25 65.9
Total 230.0  320.0 405.0  338.0 494.2 166.0 1,803.8

4.3 Public service obligation

Taking into account the generated outcomes for variable and stable cost projections and
assumptions included as indigenous inputs in equation (1), PSO fees were calculated,
considering PGAE values as of 2013 (70.5 €/ MWh). The outcomes of the four scenarios,
included in Table 9, are illustrated in Figure 12 to Figure 15. The total cost for public
service obligation for the included islands is expected to be 39.09 billion Euros for the
period 2015-2040 in Scenario A1, whereas a sensitivity analysis on oil fuel prices proved
that the total PSO fee could be reduced by 26% and reach 28.81 billion Euros. In
Scenario B1, while decreasing the overall power generation, although global oil prices
remain high, cost is estimated to decrease to 27.80 billion Euros. The most optimistic
scenario in terms of cost impact shows that the PSO drops to 20.54 billion Euros almost
47% reduction compared to Scenario Al. In line with these scenarios, it is evident that
electricity demand has a higher impact on future costs than oil prices.
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Total PSO charges in NII for Scenario Al, A2, B1 and B2

Table 9
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Figure 12 PSO costs from 2015 to 2040-scenario A1 (see online version for colours)
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Figure 13 PSO costs from 2015 to 2040-scenario A2 (see online version for colours)
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Figure 14 PSO costs from 2015 to 2040-scenario B1 (see online version for colours)

1600 ‘
1400
1200
1000
2 800
=
600
400
200
0
LSS 2388 8Ra3dAdARARARRARERMmMS
S22 ccc8c0000000000coaaaa
SRS SRSRRERARARRRRRARIISSSS
Year
u Crete H Rhodes ® Kos-Kalymnos
M Karpathos M Lesvos M Chios
o Lemnos m Agios Eustratios m Skyros
o Paros = Mykonos  Syros

W Samos w lkaria = Thira




Potential economic and environmental benefits 23

Figure 15 PSO costs from 2015 to 2040-scenario B2 (see online version for colours)
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4.4 Economic benefits from the interconnection

The analysis and costs’ comparison confirm that the interconnection scenario
demonstrates a feasible option to reduce power generation costs and increase energy
security in the area of the Aegean Sea. Additional costs for maintaining a minimum level
of power generation in the islands were estimated for each cluster of islands according to
their interconnection date.

4.4.1 Interconnection of the Cycladic islands 2 2017

The interconnection configuration meets the requirement for the N-1 criterion and the
nominal capacity of the cable can supply demand loads including renewable energy
loads. Local power generation following 2017 will remain in minor levels in order to
meet Naxos power requirements and following 2025 power stations will terminate their
operation. Costs for maintaining a minimum capacity of power stations in inactive
condition for energy security reasons were assumed to be 80% of the expected expenses
of the remained equipment until 2025 and following that the rate decreased to 50%
(Independent Power Transmission Operator, 2013).Results for Scenario A & B,
following the year of 2025, including only stable costs present no significant
diversification, since no power stations upgrade is required.

4.4.2 Expansion of Cyclades interconnection 2 2020

Thira and los interconnection with 2*140 MVA submarine cables as proposed, secures
smooth power supply almost in any circumstances. As such, following 2020, stable costs
have been calculated considering 80% of expenses for the remaining capacity until 2025
and afterwards 50%.Outcomes among Al, A2, Bl, and B2 cases showed negligible
differences, as until 2025 oil fuel prices present minor discrepancies and no unit upgrade
is included.
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4.4.3 Interconnection of Crete 2 2020

Since the most prominent interconnection scenario is B1 (2*500MW), the back-up plan
proposed in this study suggests the operation of oil-fired units able to meet 90% of the
annual peak demand minus S00MW, the nominal capacity of each cable, in case one of
the two submarine cables is damaged. Crete is driven by high demand increase, where the
interconnection cannot meet power requirements even if the interconnection is
completely functional therefore; new power stations are included in the upgrade schedule,
mainly gas turbines because they can respond faster to any demand fluctuation. The
analysis, beyond Scenario B1, showed the requirement to immerge a third cable in order
to reduce local power generation in Crete.

4.4.4 Interconnection of North Aegean 2 2025

According to the NTUA study in 2008 the double submarine cable succeeds to provide
N-1 energy security in the North Aegean islands. The local power stations will be
completely retired following the first five years of interconnection’s life (2030).
Projections for redundancy costs estimated equal to 80% of the remaining capacity
between 2025 and 2028 and 50% for 2029 and 2030.

4.4.5 Interconnection of Skyros 2 2025

As Skyros interconnector will become implemented mainly to serve renewable energy
loads from large-scale wind farms licensed on the island (Hellenic Electricity
Distribution Network Operator, 2010), no additional costs following 2025 have been
included as the N-1 Criterion is guaranteed by the proposed interconnection
configuration.

4.4.6 Interconnection of Dodecanese islands 2 2030

This interconnection project is supposed to be the final, since Dodecanese islands are
relatively remote, including the fact that wind potential of the area is comparatively
lower. It is assumed that by 2025 Kos-Kalymnos APS will be shut-down and the
geothermal power station from Nisyros will be used, providing a capacity of 40 MW. By
2030, Crete will become interconnected with Karpathos and following Rhodes.

Rhodes has to maintain operational 200 MW (=90%%*225MW) of oil-fired station in
case Crete connection fails to serve demand loads. Also following 2030, Crete has to add
additional 200 MW in order to cover power requirements in Dodecanese islands. Crete
and Rhodes are the only two islands which will preserve local power stations in order to
meet peak loads in the area, especially during the summer months.

The next table presents aggregative numbers for additional expenses for power
generation assuming the BAU case, and the interconnection scenario for cases Al, A2,
B1 and B2.In total, savings from islands’ interconnection range between 17.82 and 9.73
billion Euros. Overall, it becomes evident that Cyclades and Crete interconnection have a
clear advantage of becoming directly implemented. Cyclades, subsequent to their
interconnection could save from 1.55 billion Euros (Scenario Al) to 1.15 billion Euros
(Scenario B2) of additional costs. Cyclades II, prove to be feasible with profits ranging
between 346.84 and 190.16 million Euros. For Crete, 11.35 billion Euros are avoided in
Scenario Al and 7.71 billion Euros in B2.
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Total costs for BAU and interconnection cases for Scenarios Al, A2, B1 and B2

Table 10
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North Aegean has a relatively high interconnection cost which leads to the conclusion
that significant benefits can be attained only in Scenario A, equal to 2.57 billion Euros.
For A2 and B1 cases outcomes show profits close to 1 billion Euros, while B2 projects
only 127.52 million Euros profit. However, the remarkable wind potential of North
Aegean creates an incentive to implement the project even if the high growth — high price
scenario is not realised. In the Dodecanese interconnection, the highest benefits arise
from the Scenario 1, 1.93 billion Euros for Al and 1.88 for B1, as costs for maintaining
back-up sources continue to preserve high values. Scenarios A2 and B2 show profits
lower by 50-70%, due to the reduced oil fuel costs. Both North Aegean Sea
interconnection and Dodecanese have to be examined by expanding their projection
horizon, as their interconnection schedule is delayed and further potential benefits arise
beyond 2040.

Finally, Skyros interconnection from an economic perspective could be judged as
unprofitable for Scenario B, with losses of 29.76 to 46.23 million Euros. Nonetheless,
this project has to become implemented in parallel with wind energy development.

Figure 16 Total costs for BAU and interconnection cases, from 2015 to 2040, for scenarios Al,
A2, B1 and B2 (see online version for colours)
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4.5 Environmental benefits from the interconnection

4.5.1 Carbon emissions projections by 2040

Currently, the area of Aegean Sea emits high levels of carbon dioxide (CO,) emissions.
In 2012, power generation emissions from NII were recorded to be approximately 4
million tonnes. This amount is equal to 5% of the total carbon emissions in Greece
(Eurostat, 2014).

According to the IPCC methodology, the assumed carbon intensity for oil is
73.3 kgCO,/GJfuel (Blanco et al., 2014). Considering a net efficiency factor of 30% for
oil thermal power plants, carbon intensity for autonomous power systems is estimated to
be 0.88 tnCO, /MWh. Carbon emissions projections from APS from 2015 to 2040 are
presented in Figure 17, for all the islands included in the interconnection plans. The total
cumulative amount of carbon emissions that would be produced in the BAU case, if the
autonomous power systems continue their operation on the islands was found to be
155.57 mil tonnes for the high scenario and 107.13 mil tonnes for the low.
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Figure 17 CO, emissions in NII from 2015 to 2040-BAU case, scenario A (see online version
for colours)
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Figure 18 CO, emissions in NII from 2015 to 2040-BAU case, scenario B (see online version
for colours)
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Following the interconnection, the autonomous power systems will shut down and the
primary electricity source will be replaced with electricity imports mainly from lignite
and gas power stations located in the mainland. The carbon intensity of the Greek
interconnected electrical system was estimated to be 0.71tn/MWh (IEA, 2014), with
projections to decrease more, as 600 MW of lignite power stations will be gradually
retired and replaced by nearly 370 MW of natural gas and 125 MW of large hydro power
stations (Independent Power Transmission Operator, 2014b).Without considering the
positive impact of renewable energy penetration after the interconnection, it is estimated
a reduction of 29.9 mil tnCO, in Scenario A and 20.6 mil tnCO, in Scenario B, from
replacing oil power generation with electricity mix imports.



28 E. Zafeiratou and C. Spataru

4.5.2 Contribution of renewable energy development to carbon emissions
reduction

It is anticipated a vast increase in renewable energy projects as during the previous years,
several private sector companies issued the required licenses and permits and they are
pending the implementation of the interconnections in order to initiate the construction of
RES projects.

Table 11 presents the projected capacity of new RES installations in the islands for
five milestone years 2020, 2025, 2030, 2035 and 2040 with the precondition,
interconnection plans to become implemented. These numbers are collected from the
following sources: the National Technical University of Athens (2008), National
Technical University of Athens (2006) and the Independent Power Transmission
Operator (2013). RES development plan is conducted based on the maximum limit of
wind installations, cables’ nominal capacity, wind potential on the islands, available land
areas, environmental conditions, national and European targets for renewable energy
share in 2020 and 2030 as well as feasibility studies related to such investments. The
previous studies have not taken into account the current economic recession, which
alongside other financial, administrative and technical issues have postponed the
implementation of the interconnections. At this point, we should also mention additional
challenges related to the social acceptance for such large-scale projects, which have to be
addressed. For the above reasons, estimations for RES development have been slightly
rescheduled in order to integrate existing and future probable delays. By 2040,
estimations show 2.46 GW of wind energy installations in the NII area.

Table 11 ~ Renewable energy development in islands following the interconnections

Region to be interconnected RES (MW)

Year 2015 2020 2025 2030 2035 2040
Existing RES installations 452 452 452 452 452 452
Cyclades islands 60 160 200 230 250
Expansion of Cyclades interconnection (los and Thira) 20 30 50 60
Crete

Scenario A 200 400 600 1,000
Scenario B 150 300 400 500
Scenario C 200 400 600 1,000
North Aegean 650 950 1,100
Chios 150 250 250
Lesvos 250 300 350
Ikaria 25 50 50
Samos 75 100 150
Lemnos 150 250 300
Dodecanese islands (among them) 50 55 65
Crete and Dodecanese islands (scenario B) 450 650
Skyros island 200 333 400

Total RES integration 452 512 782 1,882 2,465 2,912
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Power generation from renewable energy projects in the area and principally wind will
manage to meet 25% and 34.7% of electricity supply for scenarios A and B respectively,
in 2020. This rate will be increased to 38% in 2025 in Scenario A and 49% in Scenario B
and following 2030, there will be power availability of electricity exports in the mainland
on an annual basis (imports-exports) for Scenario B. In 2040, in Scenario A, 84.7% of
annual demand will be covered by renewable energy, whereas in Scenario B, RES share
in the electricity mix will increase to 100% and more than 1,125 GWh will be available
for exports to the mainland (Figure 19). Such high levels of sustainable integration into
the system could exemplify Greek islands as renewable energy exporters adding extra
value to the interconnection project.

Figure 19 Total power generation for scenarios A and B and renewable energy generation from
2015 to 2040 (see online version for colours)
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Overall, the sustainable energy increase will contribute to emissions reduction for the
period 2015-2040, with 89.26 million tonnes in the BAU case and 50.65 million tonnes
following the interconnections and replacement of oil with electricity imports from the
mainland. Subsequent to the interconnection and RES development, the cumulative
carbon footprint will be reduced to 76.02 million tonnes in 2040 for Scenario A and 36.9
million tons for Scenario B, equivalent to 51.1% and 65.5% decrease compared to the
scenario of the continuation of APS use.

5 Conclusions

In this paper we investigated the economic and environmental benefits from the
interconnection of the non-interconnected Greek islands. The economic drivers for the
implementation of this project include fuel costs, taxes, CO, emissions costs, capital
costs, upgrade equipment costs and other expenses. Following the interconnection of
Cyclades, North Aegean, Crete, Dodecanese and Skyros islands, the economic profit for
the Greek state could reach 17.82 billion Euros for Scenario Al and 9.73 billion Euros
for Scenario B2, considering a projection time horizon between 2015 and 2040. The
upgrade costs for new engines for power stations is estimated to be between 2.63 and
1.80 billion Euros for Scenarios A and B respectively. Cyclades and Crete
interconnection prove to be the two most feasible projects in all scenarios. Also, results
show that Crete and Dodecanese islands have potential to increase the economic benefit
from eliminating local thermal generation, with the prerequisite to enhance their current
interconnection plans.
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Besides economic drivers, Greece will enjoy important environmental benefits from
the interconnection, which will assist the country to reach its European environmental
targets for 2020 and 2030. The Aegean NII following their interconnection and the
gradual retirement of the old oil thermal power units will manage to reduce their carbon
footprint at 76.02 million tonnes in Scenario A and 36.9 million tonnes in Scenario B by
2040, compared to 155.57 million tonnes, 107.13 million tonnes respectively assuming
the continuation of APS operation. This is attributed to electricity imports from the
national grid system in the mainland and principally due to the expansion of RES to
84.7% share of the power demand by 2040 in Scenario B and 119% in Scenario A,
allowing for electricity exports to the NGS in the mainland. Overall, this study shows that
if economic and social barriers are successfully addressed the interconnection of the
Greek islands could bring to Greece economic prosperity, energy liberalisation, security,
in parallel with environmental protection, and will highlight the exceptional renewable
energy potential of the area of the Aegean Sea.

For future work, our objective is to analyse, through the adoption of a more robust
and analytical approach, including scenario development and parametrical sensitivity
analysis, the impact of high renewable energy integration in the interconnected islands to
the Greek energy system. Moreover, investigation of additional benefits from RES
expansion in the islands in order to eliminate social controversies around renewable
energy plants will be further analysed.
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Notes

1 CO, costs are included.
Mega volt ampere.

In this study, currency rate between Euro and Dollar is assumed to remain equal on average in
the following decades.





